The importance of wound healing to medicine and biology has long been evident, and consequently, wound healing has been the subject of intense investigation for many years. However, several relatively recent developments have added new impetus to wound repair research: the increasing application of model systems; the growing recognition that single cells have a robust, complex, and medically relevant wound healing response; and the emerging recognition that different modes of wound repair bear an uncanny resemblance to other basic biological processes such as morphogenesis and cytokinesis. In this review, each of these developments is described, and their significance for wound healing research is considered. In addition, overlapping mechanisms of single-cell and multicellular wound healing are highlighted, and it is argued that they are more similar than is often recognized. Based on this and other information, a simple model to explain the evolutionary relationships of cytokinesis, single-cell wound repair, multicellular wound repair, and developmental morphogenesis is proposed. Finally, a series of important, but as yet unanswered, questions is posed. 237 Annu. Rev. Cell Dev. Biol. 2011.27:237-263. Downloaded from www.annualreviews.org by University of Wisconsin -Madison on 09/04/12. For personal use only.
INTRODUCTION
Understanding wounds and wound healing is arguably one of the most important challenges faced by biomedical researchers. Although the significance of wounding is inherently obvious, its frequency may not be: Wounds result not only from accidental trauma or surgery but also from a variety of pathological conditions ranging from cancer to infection (Crosby & Waters 2010 , Gurtner et al. 2008 , Singer & Clark 1999 , Velnar et al. 2009 ). Wounds are also a consequence of biological activities that are otherwise considered normal, such as muscle contraction (McNeil & Khakee 1992) . Furthermore, a remarkably large number of mutually negative interactions occur between wounds, wound healing, and other pathologies. Diabetes, for example, impairs healing (Velnar et al. 2009 ). Conversely, wounds are a primary source of infection, and wounding can promote tumor initiation (Schuh et al. 1990 ) and metastasis (Walter et al. 2011 ). In addition, excessive or abnormal wound repair results in inflammation and fibrosis, which initiate and/or exacerbate a whole host of diseases (Furie & Furie 2008) .
As important as wound healing is to medicine, it is no less so to biology. Indeed, although wound healing is not considered one of the basic attributes of living systems, it certainly should be. Efficient self-repair is evident in all fundamental levels of biological organization including cells, cell layers, tissues, organs, and organisms. Moreover, self-repair is evident in every organism studied: Bacteria heal (Hambleton 1971) , yeast heal (Levin 2005) , protists heal (Szubinska 1971) , plants heal (Volkmann & Baluska 1999) , and of course animals heal. Thus, as a criterion for life, selfrepair has the virtue of being appropriately inclusive and, in contrast to some of the other standard criteria such as movement or complexity, is also appropriately exclusive.
If the medical and biological importance of wound healing compels our interest, so should the process itself. By any standards, it is utterly fascinating. The crudest of all possible stimuli-damage-unleashes a cryptic pattern formation program. The program unfolds in a manner that is scaled to match the size of the wound. It triggers local changes and, if needed, long-range changes.
Step by step, the program deals with the challenge posed by the wound: The hole is plugged, unwanted material is destroyed or expelled, the material lost due to wounding is regenerated and repositioned, and finally much or all of the evidence of the wound and the wound response is removed.
Wound repair research has a history going back at least two millennia (Sipos et al. 2004 ), but three recent developments have spurred increased interest in the field. The first is the rapidly growing application of model systems for understanding of wound repair. Although decades of wound healing studies using a variety of mammalian models have provided much of our basic repair knowledge, it is increasingly common to utilize models that provide advantages for imaging, genetic or molecular genetic analyses, molecular and cellular manipulations, or combinations of all of these strengths.
With the development of RNA interference, expression profiling, and other techniques, cultured human cells can have many of the above strengths, but they lack one feature essential for wound healing studies: context. The typical epidermal wound, for example, involves multiple cell types of several distinct lineages, each responding to and generating different signals at different times Martin 2009, Singer and Clark, 1999) . It is impossible even to approximate this complexity in vitro. This is not to say that the most complex model system should always be chosen, as one of the most successful strategies in areas such as cell cycle regulation, membrane trafficking, and development has been to use simple model organisms to help identify the most conserved essential players and processes and then build from there. In addition, the qualitative differences apparent in model systems can be particularly useful. Again, this is particularly true for wound healing, as simpler model organisms are typically better healers than complex organisms even though the same general mechanisms and molecules are often used in both. Thus, to understand how to make healing more rapid or more complete in humans, there is good reason to study healing in invertebrates, fish, and amphibians.
The second major development in wound healing research is the increasing appreciation that single cells have a wound response (McNeil & Steinhardt 2003) . That cells repair even serious plasma membrane wounds has been apparent for at least a century (e.g., Kite 1913) . However, systematic analysis of single-cell wound repair did not occupy much research effort until relatively recently. This is due largely to the efforts of McNeil and collaborators (McNeil & Ito 1989 , 1990 McNeil & Khakee 1992; , who showed that plasma membrane damage and repair are common features of many different mammalian cell types in vivo and demonstrated that healing of plasma membrane wounds is an active cellular process rather than a passive reorganization of membrane lipids as was commonly assumed . Further excitement was generated by studies showing that basic mechanisms of cellular repair are conserved and similar to those involved in regulated exocytosis (Steinhardt et al. 1994) . In parallel, it has become evident that cellular damage provides a powerful experimental model for understanding how rapid changes in the cortical cytoskeleton are controlled (Bement & Capco 1991 , Chowdhury et al. 1992 , Levin 2005 . And, with the recent discovery that deficient cell repair underlies some forms of muscular dystrophy (Bansal et al. 2003) and the growing appreciation that understanding single-cell damage and healing is essential for understanding diseases of the heart , lung (Oeckler & Hubmayr 2008 ), and nervous system (Fishman & Bittner 2003) , single-cell wound repair has become, if not quite mainstream, at least respectable.
The third major development is the emerging recognition of what might be called the suspicious similarity of wound healing to other basic biological processes. For example, multicellular wound healing of embryos (Martin & Lewis 1992) and small wounds in epithelia (Bement et al. 1993 ) by a multicellular "purse string" composed of actin filaments (F-actin) and myosin-2 bears a remarkable resemblance to Drosophila dorsal closure Young et al. 1991 Young et al. , 1993 . Likewise, single-cell wound healing entails formation and closure of a plasma membrane-associated F-actin and myosin-2 purse string (Bement et al. 1999 , Mandato & Bement 2001 ) that bears a remarkable resemblance to the plasma membrane-associated purse string that drives cytokinesis in a variety of organisms (Pollard 2010) . In addition, the single-cell wound purse string both resembles and transitions seamlessly into a multicellular wound purse string during development (Clark et al. 2009 ). Collectively, these and other observations suggest that these various processes are evolutionarily linked.
A comprehensive review of wound healing, even if limited to studies from model systems, is well beyond the scope of a single review. Instead, we focus on the following objectives: first, to consider basic, conserved features of both multicellular wound healing and single-cell wound healing; second, to discuss recent advances made in multicellular and single-cell wound healing research with an emphasis on contributions from model systems where appropriate; third, to explore the suspicious similarities referred to above; and finally, to highlight some of the more pressing unanswered questions in the field of wound healing. As a more general goal, we aim to convince the reader that there is enormous value in obtaining detailed information from wound healing in relatively simple model systems and from considering the connections and relationships between different kinds of wound healing rather than treating each example as if it is completely unique.
MULTICELLULAR WOUND REPAIR

Adult Wound Healing
Most of our information concerning multicellular wound repair comes from studies of epidermal (or cutaneous) healing. However, the sequence of events elicited by wounding, although varied in some details, is nevertheless conserved among different tissues (Gurtner et al. 2008) . This makes sense because most multicellular wounds challenge the wounded organism with the same fundamental tasks: (a) plugging of the hole created by the wound, (b) destruction of any potentially damaging material that has entered the tissue through the wound, (c) replenishment and restoration of the cells destroyed by the wound, and (d ) removal of any structures developed to facilitate the first three steps (e.g., the clot).
Traditionally, epidermal wound healing is broken down into four steps that correspond roughly to the tasks above: hemostasis, inflammation, proliferation and migration, and resolution and remodeling (Figure 1 ; Janis et al. 2010 , Shaw & Martin 2009 , Singer & Clark 1999 . Although it is conceptually useful to recognize such discrete steps, healing is of course an interconnected continuum such that the early processes overlap with and promote later processes, and the later processes positively or negatively influence the processes begun earlier. Considerable variation also exists in the time taken by each of these steps as well as the healing process as a whole, which may require days, months, or even years to complete depending on the size and type of wound as well as the presence or absence of confounding factors such as other diseases.
Hemostasis: plugging the hole. Hemostasis is the process whereby blood loss and pathogen incursion are limited physically and is based on constriction of the damaged vessels and clot formation. Vessel constriction results from contraction of the vascular smooth muscle cells, whereas platelets that aggregate at the wound site control clot formation. The platelets initially form a loose plug and release a variety of factors that initiate formation of a network of fibrin fibrils as well as promote the recruitment of other cells in the subsequent inflammatory phase. The fibrin fibrils, which are generated via thrombin-mediated cleavage of fibrinogen, are highly insoluble and convert the platelet plug into a clot both by stabilizing the plug and by ensnaring other cells. Although the clot essentially plugs the hole, it also acts as a scaffold to which growth factors bind, thereby promoting the next stage of wound healing-inflammation.
Inflammation: killing your enemies. Inflammation refers to the accumulation and activation of leukocytes at the wound. Neutrophils, which are among the first leukocytes recruited during inflammation, migrate from the damaged vasculature. Once at the wound site, neutrophils destroy bacteria and other pathogenic organisms by (among other activities) production of reactive oxygen species (ROS). Monocytes typically are recruited to wounds later than neutrophils; once there, they differentiate to become macrophages, which remove debris as well as moribund neutrophils by phagocytosis.
Inflammation is also typically accompanied by angiogenesis, as vessels bordering the wound generate branches that subsequently invade the wound area. The newly formed vasculature not only provides oxygen and nutrients to the wound but also serves as a conduit that other cells involved in healing can use to migrate to the wound. Proliferation and migration: bringing back your friends. The proliferation stage of healing entails a local increase in epidermal
Stages of multicellular adult wound healing. (a) An intact epidermis with an underlying capillary in the prewound state. (b) Hemostasis: plugging the hole. Immediately after wounding, vasoconstriction commences while platelets emerge from the damaged vasculature and aggregate to dam the wound. The platelets also release cytokines and other inflammatory agents to recruit inflammatory cells to the wound. (c) Inflammation: killing your enemies. Neutrophils provide the initial inflammatory response, arriving within an hour after wounding to clear the site of pathogens while also releasing additional inflammatory cytokines. Within 24-48 h after wounding, monocytes arrive, mature into macrophages, and continue clearing out wound debris and expired neutrophils by phagocytosis. The macrophages also secrete cytokines both to stimulate angiogenesis and to recruit fibroblasts to the wound. (d ) Proliferation and migration: bringing back your friends. Fibroblasts from undamaged tissue migrate to the wound, lay down a collagen-rich matrix, and through the upregulation of muscle-specific genes, take on a contractile phenotype. Epidermal cells at the wound edge proliferate and migrate into the wound; they are assisted by the new collagen matrix and the pulling forces produced by the contractile myofibroblasts in forming a new epithelial layer over the wound. (e) Resolution and remodeling: removal of wound-specific structures. The remaining fibroblasts and inflammatory cells secrete matrix metalloproteinases to assist in the realignment and cross-linking of the collagen matrix. cell division to replace those cells destroyed by wounding. It involves migration of epidermal cells over the wound site (reepithelialization), recruitment of other cell types such as fibroblasts to the wound, and generation of the so-called granulation tissue. Epidermal cells near the wound edge undergo a transient dedifferentiation; assume a more flattened, elongate phenotype; and migrate into the wound area. During the migration, these cells maintain contacts with their neighbors not immediately bordering the wound; thus, the epidermis moves inward over the wound area as a coherent sheet.
Fibroblasts are recruited to the wound from border regions, whereupon they contribute to closure of the hole by a mechanism that is distinct from but complementary to epidermal cell migration. Specifically, the fibroblasts can differentiate into myofibroblasts as a result of exposure to growth factors in the wound. The fibroblasts and myofibroblasts secrete a large amount of collagen and other extracellular matrix (ECM) proteins into the wound area. This results in formation of a relatively disorganized ECM that, together with the fibroblasts, myofibroblasts, and new vasculature, forms the basis of the so-called granulation tissue. The myofibroblasts contract the granulation tissue and the cells associated with it, thereby pulling the edges of the wound closer to each other and, simultaneously, aligning the collagen fibers that compose the ECM.
Resolution and remodeling: removal of wound-specific structures. During resolution, the processes initiated during the first three stages culminate, and the structures assembled during those stages are removed or remodeled. Epidermal cell migration ceases as the edges of the migrating sheets come together, and epidermal proliferation decreases. The leukocytes remaining in the wound area either emigrate or undergo programmed cell death, the ECM is remodeled, and the granulation tissue is removed. By the end of resolution, only the scar-the aligned ECM filamentsremains.
Although failure of one or more of the above processes obviously has the potential to be catastrophic as a result of hemorrhaging or infection, if the processes occur in excess, or for longer than needed, a variety of very serious problems also may ensue. Excessive production of thrombin, for example, can result in clot formation inside blood vessels, which can lead to cardiac arrest or stroke (Furie & Furie 2008) . Excessive or prolonged inflammation can actually slow the healing process or even exacerbate the original wound, as high levels of ROS production by neutrophils cause collateral damage (Novo & Parola 2008) . Thus, the possibility that otherwise normal healing could occur with limited or even no clotting or inflammation is an attractive one. As described next, embryos manage healing in this fashion.
Embryonic Wound Healing
Healing of cutaneous wounds in embryos is distinctly different from that in adults even though the same four tasks must be mastered. Note that the adult-versus-embryo healing dichotomy used here and elsewhere is based more on convenience than precision, in that the embryonic (also referred to as fetal) response is thought to be progressively lost in most tissues while the organism is still an embryo (or fetus); conversely, a mode of healing that closely resembles the embryonic response is observed in some epithelial wounds in adults.
The first major difference between embryonic and adult healing is that the former is far simpler because many of the basic components of the adult response are missing or greatly attenuated. These include the clotting response (Hopkinson-Woolley et al. 1994) , which presumably does not occur simply because platelets are derived from megakaryocytes, which do not differentiate until later in development. In addition, the inflammatory response is absent or minimal, as leukocytes, even though present in the embryos, fail to accumulate significantly at wounds until the healing process is almost finished (Adzick et al. 1985 , Armstrong & Ferguson 1995 , Cowin et al. 1998 , Hopkinson-Woolley et al. 1994 , McCluskey & Martin 1995 . This may occur because fewer recruitment signals are generated, the leukocytes are less sensitive to the signals that are generated, or both (Liechty et al. 1998 , Naik-Mathuria et al. 2007 , Olutoye et al. 1996 . Furthermore, the extent of ECM deposition and granulation tissue formation is greatly reduced in embryonic wounds, possibly because although fibroblasts accumulate in embryonic wounds, they do not differentiate into myofibroblasts (McCluskey & Martin 1995) .
The second difference between embryonic and adult healing is that the mode of reepithelialization is quite different during embryonic wound healing. Rather than undergoing partial dedifferentiation; assuming a classically flattened, motile morphology; and then crawling into the wound, epidermal cells at the edge of embryonic wounds assemble a continuous multicellular purse string of F-actin and myosin-2 that encircles the wound (Figure 2 ; Martin & Lewis 1992 , McCluskey & Martin 1995 . The purse string is assembled within a few minutes of wounding and then undergoes progressive contraction that drives inward translocation of the leading edge cells as well as their neighbors, which remain firmly anchored to the leading edge cells. Few leading edge cell lamellipodia are seen; rather, the contraction of the purse string powers the epidermal sheet movement.
Purse string wound closure was first described nearly 20 years ago (Bement et al. 1993 , Martin & Lewis 1992 and has since been observed in the embryos of mice (McCluskey & Martin 1995) , frogs (Bement et al. 1999) , and flies (Kiehart et al. 2000 ; chick inner ear (Bird et al. 2010) ; and several epithelial cell lines (Florian et al. 2002 , Lotz et al. 2000 , Russo et al. 2005 , Tamada et al. 2007 ). However, it is not limited to embryos or cultured cells, as it also has been observed in adult mouse cornea (Danjo & Gipson 1998) and human intestine (Bullen et al. 2006 , Russo et al. 2005 ). In addition, extrusion of apoptotic cells from epithelia is accompanied by formation of an actomyosin purse string around the The embryonic multicellular wound response. (a) A wound (W) made in the epithelium triggers formation of a multicellular purse string of F-actin and myosin-2 ( green) that runs from cell to cell in the cells bordering the wound. dying cells in Drosophila embryos (Rosenblatt et al. 2001) , cultured mammalian epithelial cells (Rosenblatt et al. 2001 , Slattum et al. 2009 ), and mammalian intestine (Bullen et al. 2006 , Marchiando et al. 2011 . Besides providing motive force for reepithelialization, the purse string has other potential roles. It is associated with a local accumulation of adherens and tight junction proteins that may help maintain the polarity of the cells as they migrate into the wound (Bement et al. 1993 , Bullen et al. 2006 , Danjo & Gipson 1998 , Florian et al. 2002 , Tamada et al. 2007 ). Furthermore, in cases in which the wound does not completely destroy the cells within it, or when the wound results from apoptosis, accumulation of junctional proteins combined with purse string contraction may allow the epithelium to maintain nearly complete integrity (Florian et al. 2002 , Madara 1990 , Marchiando et al. 2011 , Rosenblatt et al. 2001 .
The third difference between embryonic and adult healing is speed: Embryonic wounds heal much faster than adult wounds. For example, mouse limb bud wounds made at embryonic day (E)11.5 healed completely within 24 h, whereas a wound of half the size took twice as long at E14.5 (McCluskey & Martin 1995) . In sheep, reepithelialization of a trunk wound took 24 h for wounds made at day 100 of gestation, 48 h at day 120, and ∼7 days in adults (Whitby et al. 1991) .
The fourth difference between embryonic and adult healing is that embryonic wounds heal without scarring (Ferguson & O'Kane 2004 , Larson et al. 2010 , Martin 1997 . This is true not only in lower organisms but also in humans, where scarless healing is evident in fetuses during the first two trimesters (Larson et al. 2010) . Because scars inherently lack the complete function of unscarred tissue, considerable benefit would be derived from the ability to make adult wounds heal in the embryonic manner.
The speed and scarlessness of embryonic healing have prompted much effort to determine what, exactly, accounts for the differences between the two (Ferguson & O'Kane 2004 , Larson et al. 2010 , Martin 1997 . Two likely, nonexclusive factors are the lack of inflammatory response and differences in ECM isoforms and deposition. There is as yet no consensus, but studies in model systems are providing important insights.
Insights from Model Systems into Adult Multicellular Wound Healing
Our understanding of multicellular wound repair-both adult and embryonic-has benefited greatly from the study of model systems. And, although in some systems the results could be considered confirmatory of existing models, other discoveries have both challenged long-standing assumptions and generated completely new ideas.
Inflammation. Several recent inflammation studies have been based on zebrafish and
Drosophila, which have the virtues of being relatively transparent and amenable to a variety of molecular and genetic manipulations. Despite the open nature of the Drosophila circulatory system, healing bears many similarities to vertebrate inflammation including recruitment of blood cells to wound sites via both directed migration and local adhesion, albeit at different stages of development. That is, hemocytesthe leukocyte equivalent in insects-undergo directed migration toward wounds in embryos (Stramer et al. 2005 , Wood et al. 2006 , whereas in larvae (and, presumably, adults) they accumulate at wounds via adhesion (Babcock et al. 2008) . This reflects the fact that prior to the larval stage, hemolymph flow (powered at least in part by peristalsis) does not occur.
An enormous amount of information has been amassed concerning the signals generated and released during the inflammatory response, but surprisingly, the signals that actually direct leukocytes to wound sites have been mysterious. However, a recent study of wounding in zebrafish (Niethammer et al. 2009 ) obtained compelling evidence that hydrogen peroxide (H 2 O 2 ) is one such signal. Using a fluorescent protein reporter for H 2 O 2 , the authors found that within minutes of wounding, a H 2 O 2 gradient develops around the wound, with peak levels present at the wound site itself. Epithelial cells at or near the wound site mediated H 2 O 2 production, and formation of the gradient coincided with the onset of leukocyte migration toward the wound. Most convincingly, pharmacological-or antisensemediated suppression of H 2 O 2 production sharply suppressed leukocyte recruitment to wounds. H 2 O 2 was also shown to be required for hemocyte recruitment to wounds in Drosophila (Moreira et al. 2010) , which indicates that it is likely a key signal for leukocyte wound recruitment in most if not all other animals.
Directed migration of cells requires polarization of the cytoskeleton of the migrating cells. The Rho GTPases-Rho, Rac and Cdc42-are well-known regulators of cytoskeleton polarity within cells: Active (i.e., GTP-bound) Rho stimulates contractility by activating myosin-2 and promoting unbranched actin filament assembly; active Rac stimulates formation of lamellipodia by promotion of branched networks of actin filaments; and active Cdc42 is associated with cell polarization and formation of filopodia (Heasman & Ridley 2008) . Although both in vitro and mouse knockout studies suggested that the Rho GTPases participate in cell locomotion (Heasman & Ridley 2008) , the wound healing response of Rho GTPase leukocyte-specific knockout mice has not yet been tested. However, the role of the Rho GTPases has been assessed in the recruitment of hemocytes to Drosophila embryo wounds (Stramer et al. 2005) . Consistent with the in vitro analyses, Rac mutant hemocytes have impaired lamellipodial extension and fail to recruit to wounds. Rho mutant hemocytes, although able to polarize toward the wound, have difficulty retracting their trailing edges, as expected if contraction is impaired. No overall difference in recruitment was seen between controls and Cdc42 mutant hemocytes, which is surprising in light of previous in vitro results (Weber et al. 1998) . Rather, hemocyte navigation was impaired but was compensated for by an increase in the rate of migration (Stramer et al. 2005) .
The phosphoinositide kinase PI(3)K, which generates the second messengers PI(3,4,5)P 3 and PI(3,4)P 2 , has also been implicated in leukocyte motility in vitro (Chen et al. 2007 ). However, results obtained with different cell types under different culture conditions have produced conflicting results (Andrew & Insall 2007) . Consistent with PI(3)K being essential for inflammatory migration, genetic or pharmacological inhibition of PI(3)K largely abrogated recruitment of hemocytes to wounds in embryos (Wood et al. 2006 ). These findings were corroborated and extended in a study of neutrophil migration in zebrafish embryos, where disrupting PI(3)K function inhibited recruitment of leukocytes to tail fin wounds (Yoo et al. 2010) . Moreover, imaging of the PI(3)K products PI(3,4,5)P 3 and PI(3,4)P 2 with a fluorescent reporter showed that they concentrated at the leading edge of locomoting leukocytes in a manner consistent with the products regulating cell polarity. Furthermore, local photoactivation of Rac-a putative target of PI(3,4,5)P 3 and PI(3,4)P 2 -could be used to steer the migrating leukocytes in any direction desired (Yoo et al. 2010) , and local activation of Rac resulted in a corresponding accumulation of PI(3,4,5)P 3 and PI(3,4)P 2 , which suggests positive feedback between Rac and PI(3)K signaling.
In vivo imaging of wound healing has also revealed important features of other suspected players in directed cell locomotion as well as details about the locomotion process itself. For example, depolymerization of microtubules prevents locomotion of macrophages to wound sites in zebrafish, but remarkably, simultaneous inhibition of the Rho target, Rho kinase, can rescue this defect (Redd et al. 2006 ). WASp, a regulator of actin assembly, is essential for proper directional migration in zebrafish embryos but not for polarization or migration per se (Cvejic et al. 2008) . Conversely, in Drosophila embryos, the F-actin regulatory protein Ena controls the rate of migration, rather than steering the cells (Tucker et al. 2011 ).
Proliferation and migration.
What are the upstream signals that control reepithelialization? Ideally, one would like to trace a path from wounding to a signal or ligand, to a receptor, to the targets of the receptor, through the cytoplasm (assuming the receptor is at the plasma membrane) to the nucleus, and so forth. Although this is not yet possible, pieces of such potential signal transduction pathways have been identified. For example, several different ligands that bind to receptor tyrosine kinases (RTKs) are released at cutaneous wounds (Martin 1997) , and knockout of the receptors for at least two of these, the epidermal growth factor (EGF) receptor and the keratinocyte growth factor www.annualreviews.org • Wound Repair (KGF) receptor, reduce the rate of epidermal migration and impair proliferation and other features of the healing process including inflammation (Repertinger et al. 2004 , Werner et al. 1994 . A specific role in reepithelialization for the hepatocyte growth factor (HGF) receptor, c-Met, was recently demonstrated via knockout in mouse skin (Chmielowiec et al. 2007 ). In particular, targeted knockout of c-Met in epidermal cells did not impair cell division but did delay reepithelialization. Remarkably, further analysis showed that the only epidermal cells in the wound were those ∼5% that escaped ablation of the c-Met receptor. Chmielowiec et al. (2007) also found that in controls, both HGF and c-Met expression are upregulated in epidermal cells bordering wounds, thus revealing the existence of an autocrine signaling pathway for regulation of reepithelialization. The extent to which HGF-c-Met signaling controls wound repair in other organs remains to be seen, but targeted ablation of c-Met in liver grossly impairs healing (Huh et al. 2004) , consistent with a general role for c-Met signaling in wound repair.
Another signaling pathway based on an epidermal RTK was found in Drosophila larval wound repair (adult healing). Pvr [a member of the platelet-derived growth factor (PDGF) receptor family] is concentrated at the lateral domains of intact epidermal cells and is essential for reepithelialization (Wu et al. 2009 ). The ligand for Pvr, Pvf1, is normally secreted into the hemolymph by the epidermal cells, which suggests that wounding could trigger Pvr-Pvf1 signaling simply by allowing Pvf1 access to Pvr exposed at the wound edge. Stitcher (Stit) is another recently identified RTK involved in Drosophila healing, but in embryos rather than larva ). Stit is a member of the Ret RTK family; its ligand in Drosophila is unknown. Upon wounding, Stit becomes concentrated at the wound edge, and Stit mutants show delayed wound healing and loss of the actin purse string.
RTKs often signal via kinase relays and, indeed, Stit is upstream of the ERK (MAPK) kinase relay during Drosophila embryonic reepithelialization ). It is also required for normal reepithelialization in C. elegans embryos (Pujol et al. 2008 ) and adult mouse cutaneous wounds (Deng et al. 2006 ). The Jun kinase relay is known to be required for epidermal healing in Drosophila embryos (Campos et al. 2010 ), larvae (Galko & Krasnow 2004 , Lesch et al. 2010 , and adults (Ramet et al. 2002) ; its trigger is unknown, but apparently it is not Pvl (Wu et al. 2009 ). Although Jun kinase signaling has not yet been linked to wound repair in mammals via targeted knockout, a growing body of evidence from other approaches supports this connection (Deng et al. 2006) .
Multiple transcription factors have been implicated in wound healing (Schafer & Werner 2007) , including those of the AP-1 family such as c-fos, Jun, and CREB/ATF (Martin & Nobes 1992) , but how they are activated and the identity of their targets are unclear. One exciting exception is grainy head (Grh), a transcription factor that controls healing of the integument (the outermost layer of the epidermis) in both Drosophila larvae and mouse embryos following wounding (Mace et al. 2005 , Ting et al. 2005 . In Drosophila embryos, Grh activation results from Stit-dependent activation of the ERK pathway (Mace et al. 2005 ). In both Drosophila and mice, Grh binds to and activates the transcription of genes involved in the repair of the integument (Mace et al. 2005 , Ting et al. 2005 .
In mice, Grh also targets the RhoGEF19 gene (Caddy et al. 2010) . RhoGEF19 is a Rho activator and is required for normal purse string wound repair in mouse embryos and actin organization in later embryos undergoing adult repair (Caddy et al. 2010 ). Thus, even though the process of epithelial migration is morphologically different in embryonic and adult wounds, the upstream control mechanisms are the same. The same study found that epidermal wound healing is under the control of the planar cell polarity (PCP) pathway, an evolutionarily ancient signaling system that is well known to regulate developmental processes involving epithelia and the actomyosin cytoskeleton (Zallen 2007) . In PCP signaling, a conserved cassette of proteins including Wnt, the Wnt receptor Frizzled, and the target of Frizzled, Dishevelled, essentially distinguishes one side of the apical domain of an epithelial cell from the other.
Ultimately, the signals initiated during adult reepithelialization are likely to converge on the Rho GTPases (see above). The Grh-RhoGEF19 results are consistent with this, as are the findings of Lesch et al. (2010) , who found a requirement for Rac and Cdc42 but not Rho in Drosophila larval wound repair.
The other major physical contributor to reepithelialization is contraction of the granulation tissue, which is powered by myofibroblast contraction. As myofibroblasts are recruited to wound sites, there has been considerable interest in understanding their source. For cutaneous wounds, fibroblasts come from the dermis at the wound margin or the vascular system (Shaw & Martin 2009 ). However, in wounds of other organs, the source has been less clear. In kidney and liver, for example, at least some of the myofibroblasts might be derived from the wounded epithelial cells, which are proposed to undergo an epithelial to mesenchymal transition, migrate into the wound area, and then differentiate into myofibroblasts (Duffield 2010) . This model was based on both the well-documented ability of epithelial cells to undergo partial dedifferentiation in response to wounding or growth factor application as well as some early lineage tracing studies of wounded liver and kidney. However, two recent studies applying newer approaches that afford greater signal-to-noise fluorescence imaging of marked epithelial cells in mouse models show quite clearly that in liver wounds, hepatocyte markers and myofibroblast markers are not observed in the same cells (Taura et al. 2010) . Similarly, analysis of lineage-traced kidney epithelial cells indicated that none of these migrate out of the epithelium into the wound and that the myofibroblasts are derived largely if not exclusively from the mesenchyme (Humphreys et al. 2010) . Strikingly, in both studies, the ability of the epithelial cells in question to undergo at least a partial transition in morphology and/or expression pattern that mimicked myofibroblasts was confirmed, demonstrating once again the potential difficulties with drawing too many conclusions strictly on the basis of in vitro data.
Thus, although the diversity and interconnections among different wound-triggered signaling pathways are only beginning to be uncovered, multiple signaling pathways clearly are used-at least three RTKs in mammals, for example, to say nothing of the many other signals, both mechanical and chemical, are likely to be triggered by wounding. Why so many?
We think it likely that this abundance imposes a simple pattern formation program at the wound site that is analogous to the pattern formation programs of early development but with the function of telling cells where they are with respect to the wound (Figure 3) . That is, assuming that different upstream signals can travel different distances from the wound site, cells at different locations will receive different combinations of signals. Broad gradients of the initial signals could then be converted to sharper boundaries by way of cross talk and signaling to downstream targets. Consistent with this hypothesis, epidermal cells apparently do know where they are with respect to the wound: Cells closest to the wound preferentially migrate, whereas those more distant preferentially proliferate (Singer & Clark 1999) . Moreover, directed knockout of different candidate genes for Drosophila larval wound healing followed by a detailed phenotypic analysis of cell behavior showed that non-leading edge cells could migrate toward the wound even when leading edge cells could not, which implies that each group of cells was receiving qualitatively different information (Lesch et al. 2010 ). In addition, analysis of DNA regulatory elements required for transcription of wound-induced genes in Drosophila revealed that the elements generally require input from at least two transcription factors targeted by different upstream signaling pathways (Pearson et al. 2009 ). Even more significantly, several distinct wound response elements were apparent, and the genes controlled by these www.annualreviews.org • Wound Repair W Initial signals
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were activated at different distances from the wound (Pearson et al. 2009 ).
Resolution.
Careful cell tracking studies in zebrafish have also contributed surprising information to our understanding of resolution. In contrast to the assumption that most neutrophils remain at wounds until cleared by macrophages, neutrophils undergo frequent retrograde chemotaxis (i.e., movement away from wounds) (Mathias et al. 2006 ). This motility is nonrandom and implies that neutrophils undergo some kind of signaling switch that converts chemoattraction to chemorepulsion. Retrograde chemotaxis was also observed in Drosophila embryos (Stramer et al. 2005) , which indicates that this is a broadly conserved feature of resolution. Even more remarkably, the recent use of a photoconvertible fluorescent protein that allowed the tracking of specific fluorescent neutrophils showed that a given neutrophil can undergo repeated cycles of migration to and from the wound (Yoo & Huttenlocher 2011 ). These findings not only reveal far more complexity in leukocyte behavior than previously envisioned, they also suggest that retrograde chemotaxis may make a significant contribution to the resolution phase of healing.
Insights from Model Systems into Embryonic Multicellular Wound Healing
Detailed analysis of embryonic wound healing in Drosophila embryos revealed that in addition to purse string contraction, wound closure was
Pattern formation around multicellular wounds. (Top) Initial signals (orange stars, yellow moons, and green clovers) are imprecisely distributed around the wound (W) as gradients extending different distances from the wound. (Bottom) Over time, the downstream signals ( purple horseshoes, blue diamonds, and red balloons) elicited by the initial signals are expressed in a relatively precise manner, such that cells at different distances from the wound display qualitatively different responses. also dependent on interaction of filopodia and lamellipodia extending from epidermal cells on opposing sides of the wound . Following interaction, the filopodia and lamellipodia shortened, pulling the epidermal cells closer to each other. Subsequent analysis of wound-induced purse strings in Drosophila using a combination of imaging, genetic manipulation, and biophysical analyses directly demonstrated that the purse strings contain myosin-2 and are under tension (Rodriguez-Diaz et al. 2008) , an essential requirement for the purse string contraction model.
The dynamics of signaling events in embryonic healing have been studied in laser-wounded Xenopus embryos, which permit expression of multiple fluorescent probes combined with high-resolution live-cell imaging of wound repair in a vertebrate model. Wounding triggered rapid (within 1 s) calcium elevation not only at the wound site but also at cell-cell junctions in the wounded cell and in neighboring cells (Clark et al. 2009 ). Rho and Cdc42 were subsequently activated (within 12-18 s) at sites of calcium elevation, which was followed, in turn, by local activation of myosin-2 and actin assembly that resulted in formation of the purse string. The timescale of the signaling events and other factors suggest that extremely rapid, transcription-independent signals such as tension changes (Clark et al. 2009 ) or paracellular signaling via material released from the damaged cell ( Joshi et al. 2010) can trigger the initial embryonic healing response. This likely holds true for some of the other examples of embryonic healing, as damage is followed by assembly of a purse string within 1-3 min (Florian et al. 2002 , Russo et al. 2005 .
With the exception of RhoGEF19 transcription (see above), the immediate signal transduction mechanisms that lead to purse string assembly (i.e., the activators of Rho and Cdc42) are not well understood, with one exception-extrusion of apoptotic cells in simple epithelia. Here, a key player is GEF-H1, a Rho GEF that is targeted to the basolateral domain of neighboring cells on the sides where they contact the dying cell (Slattum et al. 2009 ). Targeting of GEF-H1 to this site is dependent on microtubules, and recent work in zebrafish and cultured cells shows that the signal provided by the dying cell is sphingosine-1phosphate (S1P), which binds to S1P receptors on the neighboring cells (Gu et al. 2011 ).
Relationships Between Different Steps in Wound Repair
The use of model systems also permits direct assessment of the relationships between different steps of wound healing. This is critically important because, as noted above, the four steps of adult wound healing are considered to be interconnected and interdependent. Furthermore, some of the processes, such as clot formation and inflammation, lead to serious medical problems if excessive or extended. Thus, knowing exactly what happens to the other steps of healing when they are limited or eliminated would be useful. One of the most important examples of this dependency is the relationship between inflammation and the rest of healing. It seems self-evident that inflammation is a good thing for healing in that it limits the potential for infection. Furthermore, older studies provided evidence that experimental suppression of inflammation by pharmacological and other means results in impaired healing (Martin & Leibovich 2005) .
However, several studies of cutaneous healing in different mouse models suggest that not only is inflammation not strictly needed for proper healing, it may actually retard healing and promote scarring. Knockout of the transforming growth factor (TGF) β1 receptor SMAD3 sharply attenuated the inflammatory response and resulted in faster healing with less scarring (Ashcroft et al. 1999) . A more direct test was provided by eliminating the macrophage and neutrophil lineages via targeted knockdown of a transcription factor (PU.1) required for their differentiation (Martin et al. 2003) . This resulted in the complete loss of these cell types, and yet wounds not only healed but, again, did so with www.annualreviews.org • Wound Repair little scarring. In addition, depletion of the gap junction protein connexin43 (Mori et al. 2006) or osteopontin, a protein upregulated during inflammation (Mori et al. 2008) , caused a suppressed inflammatory response with an accompanying acceleration of the healing process and, in the case of osteopontin depletion, reduced scarring. These results indicate that rapid and complete defense against bacteria and pathogens was much more important in the past than it is now, particularly when wounds and healing often occur in a sterile environment and with the aid of antibiotics. More importantly, these results prompt the simple notion that deliberate suppression of inflammation might facilitate rapid, scarless wound repair.
SINGLE-CELL WOUND HEALING
Basic Features of the Single-Cell Wound Response
As with multicellular wound healing, although there are important differences between cell types, nevertheless a series of responses clearly are conserved across different cell types and organisms (Bement et al. 2007 , McNeil & Steinhardt 2003 , Spaeth et al. 2010 . The analogy to multicellular wound healing also can be extended from the standpoint of the tasks that the wounded cell faces: It must plug the hole generated by wounding to limit the influx of compounds that would otherwise damage or kill the cell and prevent the loss of the cell contents, it must deal with whatever has entered the cell prior to plugging the hole, it must regenerate and reposition the players destroyed by wounding, and finally, it must remove any special structures generated as a result of the initial steps of the wound response to restore full function of the cell surface.
Membrane patching: plugging the hole.
The immediate response to plasma membrane damage is rapid membrane fusion at the site of damage, triggered by oxidation and exposure of the cytoplasm to the high levels of calcium in the extracellular medium (Figure 4) . Fusion of membranous organelles at the site of damage is thought to create a patch that is sealed to the undamaged plasma membrane flanking the hole by exocytosis (McNeil et al. 2000) and that prevents the cell from being killed as a result of either continuous calcium influx or the loss of cytoplasm. It has been argued energetically that lysosomes are the major if not the only organelles that contribute to the membrane patch ( Jaiswal et al. 2002 , Reddy et al. 2001 , but this notion has been disputed (Borgonovo et al. 2002 ). On the basis of a variety of considerations, we think it likely that most of the membranous compartments near the wound site would be likely to fuse with the plasma membrane upon exposure to the millimolar level of calcium in the extracellular medium (Bement et al. 2007 ). Consistent with this expectation, proteomic analysis of plasma membrane wounds has revealed several components of the endoplasmic reticulum (Mellgren 2010) in membrane patches.
Exactly how the fusion is controlled is unclear, although it is sensitive to toxins known to target SNARE proteins (Steinhardt et al. 1994) and to dominant negative synaptotagmin constructs . In plants, the relevant synaptotagmin is syt-1 (Schapire et al. 2008) ; in animals it has yet to be definitively identified. Furthermore, if multiple organelles contribute to the patch, more than one synaptotagmin is likely involved, and it may vary between distinct cell types. Other potential regulators of membrane fusion during the patch response include the annexins (McNeil et al. 2006) , dysferlin (Bansal et al. 2003) , and MG53 (Cai et al. 2009 ), although it is not yet known whether these proteins are required for linking vesicles to each other and the plasma membrane at the wound site, for promoting fusion, or for both (see also below).
The patching and sealing responses are abetted by transient, local disassembly of cortical actin around the wound, which is thought to promote local exocytosis and lateral plasma membrane lipid mobility (Godin et al. 2011 , Miyake et al. 2001 , Togo et al. 2000 . Although the means by which local actin disassembly is controlled is not well characterized, it may involve calcium-dependent actin-severing proteins such as gelsolin and calpain (Godell et al. 1997) .
Expulsion and endocytosis: killing your enemies. The major external threat to wounded cells is calcium, the unrestrained influx of which would kill cells rapidly. Calcium does indeed enter damaged cells, but only transiently, unless the patching process is compromised (Terasaki et al. 1997 ). The basic pumping mechanisms responsible for intracellular free calcium homeostasis might be responsible for coping with calcium that enters the cell before patching is complete, but this has not been tested. An alternative mechanism is that excess calcium is trapped in membranous vesicles that are extruded into the intracellular space from the plasma
Stages of single-cell wound healing. (a) An undamaged plasma membrane with organized cortical actin cytoskeleton and cytoplasmic vesicles. Dysferlin and MG53 each localize to both the plasma membrane and vesicles owing to either a transmembrane domain (dysferlin) or lipid binding (MG53). (b) Contraction-induced stress causes membrane damage that allows the efflux of cytoplasm and the influx of extracellular milieu. Calcium flows down its concentration gradient and into the cell, activating calcium-dependent proteases that are thought to degrade and depolymerize the cortical actin cytoskeleton. Vesicles rush to the wound site and interact via both calcium-dependent (dysferlin) and oxidation-dependent (MG53) mechanisms. (c) Neighboring vesicles fuse and form a vesicle "patch" that serves to plug the hole and prevent further influx/efflux. (d ) As the patch reaches sufficient size, peripheral regions of the patch interact and fuse to the wound boundary of the plasma membrane to restore a continuous bilayer. (The mechanics of vesicle-vesicle and vesicle-membrane fusion have not yet been elucidated in muscle membrane repair but are thought to be regulated by SNARE proteins.) Rho GTPases (not shown) direct the cortical actomyosin-mediated contraction of the repaired membrane and restoration of the cortical actin cytoskeleton (e) to structurally reinforce the repair. (Babiychuk et al. 2009 ). A similar mechanism for the expulsion of agents that permeabilize or damage the plasma membrane, which trigger the single-cell wound response and, similar to calcium, are potentially deadly enemies of the cell, has been observed directly (Morgan et al. 1987) . Toxins are also internalized via endocytosis (Idone et al. 2008) , which is commonly triggered by wounding (see below).
Membrane and cytoskeleton repair: bringing back your friends. The patching response essentially leaves the cell in the same position as the epithelial layer following the clotting response: The hole is plugged, but the plug is only temporary. That is, the patching membrane differs in lipid and protein composition from the plasma membrane because it is derived from intracellular organelles. Furthermore, both the W Plasma membrane
Patching membrane
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Figure 5
Cytoskeletal signaling during the single-cell wound response. (Top) Wounding elicits local activation of Rho ( green) and Cdc42 (orange) in concentric zones around the wound (W). Active Rho directs accumulation of myosin-2 near the wound edge; active Cdc42 directs accumulation of dynamic actin farther from the wound edge. (Bottom) Over time, the contracting purse string, in association with the Rho and Cdc42 zones, closes over the wound site, which helps to expel the patching membrane.
initial wound and the subsequent depolymerization of F-actin leave the area beneath and flanking the patch denuded of the cortical cytoskeleton that normally provides essential support for the plasma membrane. The means by which new membrane is restored to the wound site are not well understood but may involve microtubule-dependent membrane trafficking. Wounding initially triggers local, calcium-dependent depolymerization of microtubules, but within approximately a minute of wounding, microtubules polymerize and are transported to the wound (via actomyosin-powered contraction) such that the wound becomes surrounded by a radial array of microtubules (Mandato & Bement 2003 , Togo 2006 . Golgi complex-derived membranous compartments are transported along the microtubules to the wound site (Togo 2006) , and as Golgi complex-derived vesicles are thought normally to be responsible for replenishing plasma membrane lipids and proteins during constitutive exocytosis ( Jaiswal et al. 2009 ), it is reasonable to surmise that this transport contributes to plasma membrane repair.
Cytoskeletal repair entails local accumulation of F-actin and myosin-2 at the wound site (Bement et al. 1999 , Godin et al. 2011 , Miyake et al. 2001 . When the initial wound is sufficiently large, in both plant (La Claire 1983) and vertebrate cells (Bement & Capco 1991 , Bement et al. 1999 , Gingell 1970 ) the F-actin and myosin-2 assemble into a purse string around the wound and close inward. This purse string closure pulls unwounded plasma membrane inward, facilitating membrane repair.
Cytoskeletal restoration has been studied predominantly in frog oocytes, which have an extraordinary healing capacity and permit high-resolution live-cell imaging. F-actin and myosin-2 accumulate as a result of both local assembly and contraction-powered transport (Mandato & Bement 2001) . The assembly is directed by Rho and Cdc42, which segregate into concentric zones of activity around the wound (Figure 5 ; Benink & Bement 2005) . This pattern of activity is dependent on Abr, a dual GEF and GAP that locally activates Rho and inactivates Cdc42 near the wound edge (Vaughan et al. 2011) . Analogous to multicellular wounds, the end result of this process is that different regions of the plasma membrane and cortex know where they are with respect to the wound; active Rho directs myosin-2 accumulation at the immediate edge of the wound, and Cdc42 directs dynamic actin assembly several micrometers away.
Resolution and remodeling: removal of wound-specific structures. Ultimately, it is not enough simply to add new membrane and membrane proteins to the site of damage. The patching membrane must be removed, just as the clot has to be removed. This is likely accomplished either via endocytosis or expulsion of plasma membrane extensions. Consistent with a role for endocytosis, wounding triggers not only local exocytosis but also local endocytosis (Bi et al. 1995 , Idone et al. 2008 . However, it is not clear that this is sufficient to account for retrieval of the patching membrane, particularly as the resultant endosomes may form from vesicles that fuse with the plasma membrane in response to calcium elevation but do not actually participate in patching. Consistent with a role for extrusion/excision, wounding triggers extensive formation of blebs and thin tubular extensions (Figure 6 ; Geuskens & Tencer 1979 , Morgan et al. 1987 ).
Generality and Specificity of Single-Cell Wound Repair
It is now generally recognized that single-cell wound repair is a conserved feature of the Metazoa (Bement et al. 2007 , McNeil & Steinhardt 2003 , Schapire et al. 2009 ). However, it is almost certainly even more ancient, as amoebae and budding yeast heal single-cell wounds in a manner that resembles metazoan cellular wound repair. In Amoeba proteus, plasma membrane damage is healed initially in a calcium-dependent manner by formation of new membrane over the site of damage and/or around extruding cytoplasm (Szubinska 1971) , exactly as described for the vertebrate cell Fluorescence micrograph of late stages of wound healing in a Xenopus oocyte. Actin filaments (AF) have almost completely closed over the original wound (W). A marker for membrane ( green) reveals the existence of extracellular microvesicles (MVs) and tubular membrane extensions (TMEs) apparently derived from the patching membrane. patching response. Moreover, the cytoskeletal response apparently is also conserved in these organisms in that actin accumulates around plasma membrane wounds (Szubinska 1978 , Taylor et al. 1980 , and if the wound is large enough, a contractile purse string containing F-actin assembles and closes around its edges ( Jeon & Jeon 1975) . In budding yeast subject to cell wall (and presumptive plasma membrane) damage, rapid cytoskeletal remodeling ensues (Levin 2005) . Similar to vertebrates, this remodeling entails rapid recruitment of active Rho to the plasma membrane and resultant actin assembly at sites of Rho activation (Andrews & Stark 2000 , Delley & Hall 1999 , Levin 2005 . Given the conservation of the signaling systems and mechanisms involved (see also below), and that fungi, amoebae, and animals diverged from each other well before the development of multicellularity, it is difficult to escape the conclusion that an www.annualreviews.org • Wound Repair ancient single-cell repair system developed before the Metazoa arose.
Although the single-cell wound repair response is highly conserved, in no cell type is the need for an efficient and robust repair response more evident than in striated muscle cells. The contractile demands of everyday life dictate that the muscle cell membrane is under incessant and intense physical stress and thus susceptible to contraction-induced damage. Membrane damage has long been correlated with both strenuous eccentric exercise and various forms of muscular dystrophy, but only recently have the molecular players involved in muscle membrane repair begun to be elucidated. Positional cloning efforts identified the dysferlin gene as the genetic basis of the recessive limb girdle muscular dystrophy type 2B (Bashir et al. 1998) , and dysferlin mutations were subsequently shown to cause Myoshi myopathy (Liu et al. 1998 ) and distal anterior compartment myopathy (Illa et al. 2001) . Dysferlin knockout mice present with a progressive muscle phenotype (Bansal et al. 2003 , Ho et al. 2004 , and laserinduced wounding assays in isolated muscle fibers demonstrated that dysferlin facilitates calcium-dependent repair in both skeletal (Bansal et al. 2003 , Ho et al. 2004 ) and cardiac muscle (Han et al. 2007) . Although exactly how dysferlin participates in membrane repair is unclear, its amino-terminal C2 domain (C2A) binds phosphatidylserine (Davis et al. 2002 , Therrien et al. 2009 ), and vesicle-anchored dysferlin translocates to sites of damage (Bansal et al. 2003 , Klinge et al. 2007 , where it binds the repair proteins annexins A1 and A2 (Lennon et al. 2003) , all in a calcium-sensitive manner. These results have led to a model in which the damage-induced influx of calcium prompts the aggregation of subsarcolemmal vesicles and ultimately dysferlin/annexinmediated vesicle-vesicle and vesicle-membrane fusion to repair the site of injury.
Although the influx of calcium is a universal initiator of membrane repair, recent studies have indicated that the influx of oxidative species may be just as important for proper membrane resealing in striated muscle. Similar to dysferlin knockout mice, MG53 (a TRIM family protein) knockout mice demonstrate defective membrane repair in both skeletal (Cai et al. 2009 ) and cardiac muscle . Although MG53 binds phosphatidylserine and translocates to sites of damage in isolated muscle fibers, it does so independently of calcium. Instead, the function of MG53 in mediating repair is dependent on an oxidative environment: In the oxidative cytosol immediately underlying the site of damage, vesicle-localized MG53 forms intermolecular disulfide bonds with MG53 molecules on neighboring vesicles and/or membrane, thereby linking vesicles to one another and to the membrane and facilitating fusion (Cai et al. 2009 ).
SUSPICIOUS SIMILARITIES AND POTENTIAL EVOLUTIONARY RELATIONSHIPS BETWEEN WOUND HEALING AND OTHER BASIC BIOLOGICAL PROCESSES
It was noted some time ago that the purse string wound response resembles the epithelial sheet migration observed during morphogenetic processes such as dorsal closure in Drosophila (Bement et al. 1993) , in which converging sheets of epithelial cells close over the underlying amnioserosa with the aid of a multicellular purse string (Young et al. 1991 (Young et al. , 1993 . A beautiful series of studies on dorsal closure and healing of Drosophila embryos has confirmed this observation. At the level of morphology, both embryonic wound healing and dorsal closure entail the assembly and closure of a multicellular contractile ring of F-actin and myosin-2 (Figure 7) , and in both cases filopodia contact and contraction abet the process ( Jacinto et al. 2000 Wood et al. 2002) . Furthermore, in both cases, Rho and Cdc42 play analogous roles: Rho controls purse string formation, whereas Cdc42 controls filopodia formation ( Jacinto et al. 2000 Wood et al. 2002; Woolner et al. 2005) . Moreover, upstream signaling is apparently conserved in that both dorsal closure and embryonic wound healing in Drosophila require signaling by the Jnk pathway (Campos et al. 2010 , Jacinto et al. 2000 , Riesgo-Escovar et al. 1996 , Woolner et al. 2005 .
The purse strings observed in embryonic wound healing and morphogenesis are strikingly similar to the F-actin and myosin-2 purse strings assembled during single-cell repair (see above) except that the former are multicellular and the latter are contained within single cells. This similarity includes not only the purse string component but also filopodial interaction and contraction (Mandato & Bement 2001) . Moreover, the single-cell purse string response is controlled by calcium, Rho, and Cdc42, as is the embryonic purse string response (Clark et al. 2009 ). And although there are relatively few studies on the transcriptional response to plasma membrane damage, such damage is known to initiate activation of ERK signaling (Togo 2004 ) and AP-1 transcription factors (Grembowicz et al. 1999 , Takada et al. 2007 ), which are conserved features of the embryonic multicellular wound healing response (see above).
The actomyosin rings that close over wound sites in damaged cells are remarkably similar to the actomyosin rings involved in cytokinesis in organisms ranging from fungi to mammals (Pollard 2010) . Again, this similarity extends beyond morphology to regulation by Rho and/or Cdc42 (Bement et al. 2006 ). In addition, rapid local exocytosis and endocytosis is a conserved feature of cytokinesis (Echard 2008 , Montagnac et al. 2008 ) just as it is for single-cell wound repair (see above). Moreover, genetic overlap between cytokinesis and cell repair systems in yeast is considerable (Levin 2005 ). Finally, although not widely recognized, a variety of cell types extend filopodia in the wake of the closing cytokinetic furrow (Danilchik & Brown 2008 , Vacquier 1968 ). These filopodia play an analogous role to those discussed above for wound healing by pulling the daughter cells into tighter contact.
Where do all of these observations leave us? The similarity between dorsal closure and embryonic wound healing could reflect an evolutionary relationship in which developmental morphogenetic mechanisms were co-opted by evolution to drive wound repair. However, we think it more likely occurred the other way around. Given the information presented above, it seems probable that the single-cell wound response arose before multicellularity via the co-option of the cell polarity machinery used to drive cytokinesis or vice versa (Figure 7) . Subsequently, with the development of multicellularity, the actomyosin purse string could be employed to close holes created in a cell layer as long as cell-cell junctions were present and capable of regulating the same signaling mechanisms used for the single-cell purse string (Clark et al. 2009 ). The Suggested scheme for the evolutionary relationship between cytokinesis, wound healing, and morphogenesis. Cytokinesis: A single-cell purse string of actin filaments and myosin-2 ( green) drives cell division. Cellular wound repair: A single-cell purse string of actin filaments and myosin-2 ( green) closes over a single-cell wound. Multicellular wound healing: A multicellular purse string of actin filaments and myosin-2 drives reepithelialization. Morphogenesis: A multicellular purse string of actin filaments and myosin-2 drives epithelialization. In each case, filopod-based contraction and Rho GTPase signaling complement purse string closure (not shown).
co-option of this mechanism for morphogenesis would then entail a switch from damageinduced signaling to developmentally regulated signaling. From this perspective, the proposed patterning of cells around the wound by woundinduced signals would represent the evolutionary precursor of embryonic pattern formation mechanisms.
Although this view might seem unduly influenced by our enthusiasm for wound healing, it has two virtues. First, it is far easier to imagine evolution of the complex morphogenetic programs of complex organisms if the basic machinery and control mechanisms for such movements were already in place for an older, more basic role (wound repair). Second, assuming an evolutionary link between these various processes can suggest useful lines of inquiry. To a certain extent, such inquiries have already begun with the discovery that the transcription factor Grh is a component of the planar cell polarity pathway (Caddy et al. 2010) .
FUTURE PROSPECTS AND QUESTIONS
The increasing adoption of model systems for the study of multicellular wound repair has already paid major dividends in our understanding of healing mechanisms and will continue to do so. This is fortunate, as several essential questions remain unanswered, and recent advances have prompted a series of new questions.
One long-standing and fundamentally important issue likely to attract further attention is the relationship between inflammation, the speed of wound healing, and the extent of scarring. Is it possible to convert an adult wound response to an embryonic one by limiting or eliminating inflammation? The studies so far provide exciting hints that this may be the case, but far more work needs to be done. It is also unclear to what extent the embryonic healing response and the purse string response are aligned. Does an embryonic healing response always come with the purse string? With respect to signals, not only are we likely missing at least some of the key signaling pathways for multicellular wound repair, but for those pathways we have identified, the downstream targets need to be characterized. This is true both for inflammation, wherein the means by which the H 2 O 2 gradient is converted to directed leukocyte migration is unknown, as well as for the RTK pathways involved in reepithelialization. We also do not understand the basis of cell behaviors observed in recent experiments. Why, for example, do leukocytes make repeated trips to and from the wound?
To what extent does multicellular wound repair resemble pattern formation? That is, do cells at different distances from the wound display progressively narrower patterns of expression of specific wound-induced gene products? Determining this will require further inquiry into those genes specifically turned on or off in response to wounding.
For single-cell wound repair, how, exactly, does patching work? Which proteins regulate fusion versus aggregation, and how is the patch sealed to the unwounded plasma membrane at the wound periphery? Is there a broadly conserved "woundcyst" complex containing dysferlin and annexin (or related proteins) found in cell types other than muscle? How are the initial signals generated by plasma membrane damage-calcium inrush and oxidationcoupled to the patching and cytoskeletal responses? The responses appear to be far more precise than the initial signals, again suggesting a kind of pattern formation system, but the details of how this might work are completely mysterious.
Finally, how are the single-and the multicellular wound responses coordinated? What are the essential signals produced by damaged cells that allow them to communicate with their neighbors? Presumably, both rapid responses such as paracrine, tension, or electrically mediated signals as well as long-term responses involving differential transcription and translation are generated, but at present almost nothing is understood about how they might be coupled.
